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ABSTRACT

Three-dimensional tropical squall-line simulations from the Goddard cumulus ensemble (GCE) model are
used as input to radiative computations of upwelling microwave brightness temperatures and radar reflectivities
at selected microwave sensor frequencies. These cloud/radiative calculations form the basis of a physical cloud/
precipitation profile retrieval method that yields estimates of the expected values of the hydrometeor water
contents. Application of the retrieval method to simulated nadir-view observations of the aircraft-borne Advanced
Microwave Precipitation Radiometer (AMPR) and NASA ER-2 Doppler radar (EDOP) produce random errors
of 23%, 19%, and 53% in instantaneous estimates of integrated precipitating liquid, integrated precipitating ice,
and surface rain rate, respectively.

On 5 October 1993, during the Convection and Atmospheric Moisture Experiment (CAMEX), the AMPR
and EDOP were used to observe convective systems in the vicinity of the Florida peninsula. Although the AMPR
data alone could be used to retrieve cloud and precipitation vertical profiles over the ocean, retrievals of high-
resolution vertical precipitation structure and profile information over land required the combination of AMPR
and EDOP observations.

No validation data are available for this study; however, the retrieved precipitation distributions from the
convective systems are compatible with limited radar climatologies of such systems, as well as being radiomet-
rically consistent with both the AMPR and EDOP observations. In the future, the retrieval method will be adapted
to the passive and active microwave measurements from the Tropical Rainfall Measuring Mission (TRMM)
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satellite sensors.

1. Introduction

Recent climate modeling studies have shown the im-
portance of three-dimensional atmospheric heating dis-
tributions in the forcing of large-scale circulations in
the Tropics (Hartmann et al. 1984; DeMaria 1985; Lau
and Peng 1987). These large-scale circulations are in-
timately linked to climate variations in the Tropics, as
well as observed changes in weather regimes at higher
latitudes (Trenberth et al. 1988). The latent heating
associated with precipitation, however, has not been
independently observed over the large space and time
scales needed for climate analyses and the validation
of general circulation model simulations.
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The combination of satellite-borne passive and ac-
tive sensors to be deployed in the upcoming Tropical
Rainfall Measuring Mission (TRMM) promises to pro-
vide critical information regarding the three-dimen-
sional distributions of precipitation and heating in the
Tropics (Simpson et al. 1988). Chief among the
TRMM sensors are the TRMM Microwave Imager and
the Precipitation Radar. Both of these instruments op-
erate at microwave frequencies, where electromagnetic
radiation can penetrate to various depths in precipitat-
ing clouds. Since cloud heating and cooling distribu-
tions are related to the vertical profiles of cloud and
precipitation water contents (Tao et al. 1993), mea-
surements from these sensors should help to construct
the desired heating analyses.

Coincident measurements from passive and active
microwave sensors are complementary: passive micro-
wave radiometers measure radiances that are the end
product of the integrated effects of electromagnetic ab-
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sorption/emission and scattering through a precipitat-
ing cloud along the sensor viewpath. The frequency
dependence of electromagnetic properties of cloud and
precipitation particles allows for the design of multi-
channel passive microwave radiometers, which can
“‘sound’’ to different depths in a precipitating cloud,
but the height assignment of cloud properties is not
very specific. On the other hand, active microwave sen-
sors (radars) provide specific height information based
upon the time delay of the precipitation-backscattered
return power. However, simple one-parameter radars
(such as the TRMM Precipitation Radar) operate only
at one transmitting—receiving frequency and polariza-
tion. To obtain unambiguous precipitation water con-
tent profiles from these radars, secondary signal effects
such as path-integrated attenuation must be determined
independently.

If, at a minimum, passive microwave measurements
can provide path-integrated attenuation information,
then the combination of passive and active microwave
sensors should yield height-specific information re-
garding cloud and precipitation water contents. Still,
the interpretation of data from the combined radiome-
ter—radar system is complicated by other factors that
have an impact on the measured signals. These factors
include the precipitation particle size distributions, the
phase of the hydrometeors ( with possibly mixed-phase
particles), the geometry of the precipitating cloud, the
humidity of the cloud environment, and the state of the
underlying earth’s surface.

Although several authors have proposed physically
based methods for retrieving precipitation profiles
based upon passive microwave radiometer measure-
ments (Olson 1989; Kummerow et al. 1989; Mugnai et
al. 1993; Smith et al. 1994; Kummerow and Giglio
1994; Evans et al. 1995) or radar measurements
(Hitschfeld and Bordan 1954; Meneghini 1978; Me-
neghini et al. 1983; Meneghini and Nakamura 1990;
Kozu et al. 1991; Marzoug and Amayenc 1991), only
a few have described methods that combine passive
radiometer and radar data. Hai et al. (1985) inverted
radar power measurements using the total path-extinc-
tion derived from coincident radiometer measurements
at the same frequency as a constraint. With this method,
they retrieved cloud liquid water distributions from
ground-based Ka-band (35 GHz) radiometer—radar
measurements, which were superior to estimates based
upon radar measurements alone. Weinman et al.
(1990) used X-band (10 GHz) radiometer derived
path-integrated extinction to estimate the total attenu-
ation of radar reflectivities at X band (10 GHz) and Ka
band (34.45 GHz). Using the total path-integrated ex-
tinction as a boundary condition, these authors solved
a form of the Hitschfeld—Bordan equation to obtain
profiles of extinction from radar reflectivity measure-
ments. Derived rain-rate profiles compared well with
profiles determined from dual-wavelength radar. More
recently Kumagai et al. (1993) used single-frequency
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radar reflectivities to retrieve a profile of precipitation
drop size distribution slopes, and then determined the
common intercept of the size distributions from passive
radiometer measurements. This methodology was ex-
tended by Meneghini et al. (1994) to retrieve profiles
of two precipitation drop size distribution parameters
from dual-frequency radar/total attenuation measure-
ments for several humidity/cloud water environments.
The proper precipitation profile and its humidity/cloud
water environment were then selected by comparing
radiative transfer computations of the upwelling bright-
ness temperatures from each precipitation profile to ob-
served brightness temperatures. Finally, Haddad and
Im (1993) have proposed a method for estimating the
probability density function of rain rate conditioned on
measurements of radar reflectivity and radiometer-de-
rived attenuation at each radar range gate. The method
yields a profile of rain-rate probability density func-
tions from which a profile of mean rain rates and as-
sociated error standard deviations can be obtained.

The primary motivation in the present work is to
develop a computationally efficient physical retrieval
methodology that can be utilized in conjunction with
the data from the TRMM passive and active microwave
sensors to estimate cloud and precipitation water con-
tent profiles. Since the TRMM Precipitation Radar has
a relatively narrow swath that coincides with only 30%
of the passive radiometer (TRMM Microwave Imager)
swath, one additional design criterion is that the re-
trieval method framework should be applicable if either
radiometer/radar data or only radiometer data are
available. '

In the present study, fully three-dimensional cloud
model simulations are used as input to radiative com-
putations of both upwelling brightness temperatures
and radar reflectivities at selected microwave sensor
frequencies. These cloud/radiative calculations form
the basis of a cloud/precipitation profile retrieval
method that yields estimates of the expected values of
the cloud and precipitation water contents. Application
of this method is computationally much less intensive
than the commonly used iterative minimum variance
method, ‘and it is easily expanded to include not only
passive and active microwave channels, but also infra-
red and other sensor data as well as available a priori
information.

The retrieval method is applied to the aircraft-borne
Advanced Microwave Precipitation Radiometer (AMPR)
and combined AMPR-~ER-2 Doppler radar system
(EDOP) data from the Convection and Atmospheric
Moisture Experiment (CAMEX). The basic specifi-
cations of these instruments are listed in Table 1, along
with the specifications of the TRMM Microwave Im- -
ager and Precipitation Radar for comparison.

From Table 1 it may be noted that the AMPR chan-
nels cover a range of microwave frequencies from 10.7
to 85.5 GHz. The radiative properties of clouds and
precipitation vary significantly over this range. Over a
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TaBLE 1. Basic specifications of the Advanced Microwave
Precipitation Radiometer, NASA ER-2 Doppler radar, TRMM
Microwave Imager, and Precipitation Radar. AMPR specifications
are from Spencer et al. (1994). The horizontal resolution
specifications of the AMPR, EDOP, and Precipitation Radar are at
nadir view.

Half- Horizontal
power resolution
beamwidth at surface Noise
Channel frequency (GHz) ©) (km) (K)
AMPR
10.7 8.0 2.8 0.27
19.35 8.0 2.8 0.30
37.1 4.2 1.5 0.15
85.5 1.8 0.6 0.18
TRMM Microwave Imager
10.65 3.95 38.3 X 63.2 0.93
19.35 . 19 18.4 x 304 1.02
21.3 1.7 16.5 X 27.5 1.18
37.0 1.0 9.7 X 16.0 0.74
85.5 0.45 44x72 1.10
Horiz.
Half- resolution at  Uncertainty
power surface/range due to
Channel frequency beamwidth resolution sampling
(GHz) ©) (km) (dB)
EDOP
(during CAMEX)
9.72 2.9 1.0/0.15 0.8
Precipitation Radar
13.8 0.71 4.3/0.25 0.7

low-emissivity, water surface background at 10.7 GHz,
the effect of a precipitation-free atmosphere on up-
welling microwave brightness temperatures is minimal,
while absorption and emission by liquid precipitation
can raise the observed brightness temperature by as
much as 100 K. The increase of brightness temperature
with vertically integrated rainwater content is generally
linear at this frequency. However, at a sufficiently high
water content (near 13 kg m~?) the rain column be-
comes so optically thick that the upwelling brightness
temperature plateaus, or ‘‘saturates,”’ at a value close
to the physical temperature of the top of the rain col-
umn. Since absorption of microwaves by liquid cloud
and rain increases with frequency, the water content for
which the brightness temperature saturates decreases
with frequency. At 19.35, 37.1, and 85.5 GHz, the
brightness temperature first increases and then saturates
near 6, 2, and 0.7 kg m™2, respectively, over a water
surface background. In addition to the effects of liquid
cloud and rain scattering by ice-phase precipitation,
which is almost negligible at 10.7 GHz, increases with
frequency and becomes significant at 37.1 GHz and
dominant at 85.5 GHz for ice precipitation columns
greater than 1 kg m™. Scattering lowers the observed
brightness temperature by diverting radiation from the
upwelling radiance path. Large amounts of graupel
and/or hail may be present in organized convective
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systems, and scattering signatures of 150 K have been
measured by AMPR at 85.5 GHz in convective storms
over the ocean; see Spencer et al. (1994), Smith et al.
(1994b), and Turk et al. (1994). Over land, micro-
wave emission from liquid cloud and rain is difficult to
distinguish from the more highly emissive land back-
ground. However, brightness temperature scattering
depressions due to ice-phase precipitation are still de-
tectable over land and often exceed those over ocean
surfaces. The greater atmospheric instability over land
leads to increased convective core updraft velocities
and greater concentrations of ice-phase precipitation
held aloft. Turk et al. (1994) report 85.5-GHz AMPR
brightness temperatures less than 100 K in observations
of convective cells over land.

For rain radar systems the effective reflectivity is
roughly proportional to the square of the precipita-
tion water content, with ice-phase precipitation being
about 20% as reflective as liquid. However, both the
EDOP and Precipitation Radar are relatively high
frequency (short-wavelength) radars, and so the ef-
fective reflectivity can be significantly reduced due
to attenuation by cloud and precipitation between the
radar and the precipitation target. The EDOP oper-
ates at 9.72-GHz (3.1 cm) frequency, which is lower
than the frequency of the TRMM Precipitation Radar
(13.8 GHz; 2.2 ¢cm). Therefore, EDOP is less af-
fected by attenuation than the Precipitation Radar.
Since both instruments are downward-looking, sig-
nal attenuation effects are most severe at the base of
a liquid precipitation column. For example, a 4.5-km
column of rain with a water content of 0.62 g m~>
(equivalent to a 10 mm h ™' rain rate) would atten-
uate the EDOP signal by 1.6 dB, while the Precipi-
tation Radar would suffer a 3.7-dB loss.

Although the airborne AMPR and EDOP operate
at nearly the same frequencies as the TRMM Micro-
wave Imager and Precipitation Radar, the horizontal
resolution of the airborne sensors is much higher than
the horizontal resolution of the TRMM satellite in-
struments. The airborne AMPR and EDOP have a
surface resolution of about 1 km, which is adequate
for resolving most precipitation structures, while the
TRMM sensors would average the signals from ad-
Jjacent convective elements. Because there is greater
averaging of precipitation signals in the lower-reso-
lution satellite measurements, the relationships be-
tween precipitation water contents and the satellite
measurements are more ambiguous, and precipitation
retrievals from these data are more difficult. In the
present study, precipitation profile retrievals based
upon the higher-resolution airborne sensor measure-
ments are examined in an attempt to evaluate re-
trieval performance in the absence of complicating
signal-averaging effects. Applications of the re-
trieval method to simulated TRMM Microwave
Imager and Precipitation Radar measurements will
be the subject of a future investigation by the authors.
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2. Retrieval method

A schematic of the profile retrieval method is shown
in Fig. 1. Prior to the application of the method a large
database of cloud/precipitation profiles is generated us-
ing a numerical cloud model, and the passive micro-
wave radiometric brightness temperatures and active
microwave (radar) reflectivities associated with each
model profile are calculated based upon radiative trans-
fer theory. In the retrieval procedure, the brightness
temperatures and radar reflectivities from each model
profile together with the observed brightness tempera-
tures and reflectivities are used to compute the proba-
bility that the model profile is indeed the observed pro-
file. The model profiles are weighted by their respective
probabilities and summed to create a composite best
estimate of the observed profile. In the subsections that
follow the creation of the cloud/radiative model data-
base and theoretical basis for the retrieval method are
described in detail.

a. The cloud model

The cloud model utilized in this study is originally
based upon the cloud ensemble model of Tao and
Soong (1986). However, several improvements have
been made over the last decade at NASA/Goddard
Space Flight Center, and the model was officially re-
named the Goddard cumulus ensemble (GCE) model
in 1989. A detailed description of the current GCE
model formulation may be found in Tao and Simpson
(1993).

The GCE model is a nonhydrostatic and anelastic
numerical cloud model, and so in addition to the basic
prognostic equations, conservation equations for two
liquid water species (cloud and raindrops), and three
ice-phase species (cloud ice, snow, and graupel) are
included in the formulation. Liquid water microphysics
are represented using a Kessler-type scheme, and ice-
phase processes are based upon the formulations of Lin
et al. (1983) and Rutledge and Hobbs (1984). Cloud
liquid and cloud ice particles are assumed to be mono-
disperse, 20-pum-diameter spheres, while rain, snow,
and graupel are assumed to be spherical and have in-
verse exponential size distributions of the form

n(D) = ny exp(—aD), (1)

where D is the particle diameter, and n, is set equal to
either 0.08 cm ™ for rain, as in the Marshall and Palmer
(1948) size distribution, or 0.04 cm™ for snow and
graupel, as in Rutledge and Hobbs (1984 ). The vari-
able « has a value

Toing \ "4
a=\|— .
M;

This formula for « is required for the integral over all
hydrometeor diameters of the mass density of hydro-
meteors to equal the modeled liquid water content, M, .

(2)
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Retrieval Method

Input observed brightness
temperatures and radar
reflectivities

Search through model profiles,
simulated brightness temperatures,
and radar reflectivities from the

cloud/radiative model database

Compute probability that
each model profile fits
the observations

Weight model profile by
probability and add to sum

Normalize the sum of

the weighted model
profiles

Y

Output retrieved profile

FiG. 1. Flow diagram for the combined passive—active microwave
precipitation profile retrieval method.

Here, p; is the mass density of water substance within
each hydrometeor of species i. Rain has a mass density
equal to 1.0 g cm™, while snow and graupel are as-
sumed to have densities of 0.1 and 0.4 g cm 3, respec-
tively.

Other features of the GCE model include a param-
eterization for the effects of short- and longwave ra-
diation, a representation of subgrid-scale turbulent mix-
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ing processes through a turbulent kinetic energy equa-
tion, and a parameterization of heat and moisture fluxes
from an underlying ocean surface (when applicable ).

The GCE model uses a stretched vertical coordinate
with height increments ranging from 220 to 1050 m
(31 grid points) to maximize resolution at the lowest
levels. Current computer limits restrict the horizontal
model domain to a 128 X 128 grid at 1- or 1.5-km
resolution, and periodic or open boundary conditions
may be imposed. A Galilean transformation of the
model base-state wind field is used to keep a propa-
gating cloud system near the center of the domain.

Two different tropical squall-line simulations per-
formed using the GCE model are utilized in the present
study. The first was initialized using a composite of
atmospheric soundings taken during the GARP Atlan-
tic Tropical Experiment (GATE); see Barnes and
Sieckman (1984). Also a domain-wide, time-depen-
dent vertical velocity field derived from radiosonde
data by Ogura et al. (1979) was imposed on the model
to simulate the effects of observed larger-scale lifting
on the development of convection. The GCE model
GATE simulation was performed on a 64 X 64, 1.5-
km resolution grid domain, with periodic boundary
conditions in the horizontal. Surface fluxes were omit-
ted from this simulation.

Many of the modeled squali-line features are consis-
tent with GATE observations. The explosive growth of
the convex leading edge, the orientation of the convec-
tive line perpendicular to the environmental wind
shear, and the propagation speed of the squall system
are all in agreement with observations. However, some
features of the simulated squall line are at a variance
with observations. The imposed domain-wide lifting
profiles led to excessive destabilization of the atmo-
sphere, which, in combination with an unmodified Rut-
ledge and Hobbs (1984) microphysics scheme caused
unrealistically large amounts of graupel to be produced
in some convective cells. Also, aspects of the stratiform
precipitation region, such as the proportion of strati-
form rainfall and its fractional coverage, were not ad-
equately reproduced because of the limited model do-
main (96 km X 96 km) and short model integration
period (240 min). A detailed description of the GATE
squall-line simulation may be found in Tao and Simp-
son (1989); it is referenced as the 3D simulation,
which includes ice microphysical processes.

The second tropical squall-line simulation was ini-
tialized using an environment observed during the
Tropical Ocean Global Atmosphere Coupled Ocean—
Atmosphere Response Experiment (TOGA COARE).
The initial vertical profiles of temperature, humidity,
and horizontal winds were derived from NOAA P-3
aircraft flight level data and rawinsonde observations
of the environment in immediate advance of the 22
February 1993 squall line as described by Trier et al.
(1994). In the TOGA COARE simulations, the advec-
tion scheme of Smolarkiewicz (1983, 1984) with a
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nonoscillatory option (Smolarkiewicz and Grabowski
1990) was incorporated into the GCE model. In con-
trast to the GATE simulation, no lifting profile was
imposed on the modeled cloud environment. The
model domain was increased to 128 X 128 at 1-km
resolution, and the domain boundaries were assumed
to be open in the X direction (the direction of storm
propagation) and periodic in the Y direction. Surface
fluxes of momentum, heat, and moisture were included
using bulk aerodynamic formulas.

In the TOGA COARE simulation the GCE model
produces a squall line with upshear-tilted convection
and a significant stratiform region that yields more than
50% of the total storm rainfall in the mature stage of
development. Although the 128 km X 128 km model
domain limits the horizontal extent of the model squall
line, the structure of the simulated precipitation distri-
bution compares reasonably well with NOAA P-3 radar
observations of the most active portion of the mature
22 February 1993 TOGA COARE squall line (see Fig.
4 of Jorgensen et al. 1994; Fig. 1b of Jorgensen et al.
1995). The eastern boundary of the simulated storm is
marked by a bowed convective leading edge with arms
extending to the northwest and southwest, and a mix-
ture of convective and stratiform precipitation to the
west of the convective boundary. Stratiform precipita-
tion predominates to the west of the northernwestern
arm of the storm. Upshear-tilted convection and a
bowed leading edge were also seen in P-3 radar obser-
vations of the actual squall line. The observed leading
edge convection extended to the northwest and south,
although the southern branch was oriented more east—
west than in the simulated storm. Mixed convective
and stratiform precipitation trailed the leading edge of
the storm to the west.

The three-dimensional cloud and precipitation struc-
tures simulated at five different times (126, 138, 174,
210, and 234 min) in the GATE model run and at eight
different times (30, 60, 90, 120, 150, 180, 210, and 240
min) in the TOGA COARE model run are utilized as
input to the radiative computations described in the
next subsection.

b. Radiative transfer calculations
1) UPWELLING BRIGHTNESS TEMPERATURES

Upwelling microwave radiances at the top of the at-
mosphere originate partly from the earth’s surface and
partly from atmospheric constituents. The emissivity of
the earth’s surface is determined by the frequency, in-
cidence angle, and polarization of the radiation, and by
the complex index of refraction of the surface as de-
scribed by the Fresnel relations. Over water, the re-
fractive index is a function of the water temperature,
salinity, and foam coverage induced by wind driven
waves. The model of Wilheit (1979) is used here to
compute the water surface emissivity as a function of
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near-surface wind speed. Over land, the surface emis-
sivity is assumed to result primarily from dry soil, but
with varying fractional coverage by standing water.

Among the atmospheric absorbers of microwave ra-
diation, water vapor, molecular oxygen, and cloud wa-
ter need to be considered. In this study, both the water
vapor absorption as well as the oxygen absorption are
calculated from Liebe (1985). Nonprecipitating cloud
particles are of the order of 100 um or less in diameter.
This dimension is much smaller than typical micro-
wave wavelengths, which range from 3 cm at 10 GHz
to 3.5 mm at 85 GHz. As a result, the Rayleigh ap-
proximation is employed to calculate the absorption co-
efficient of cloud water. The larger, non-Rayleigh pre-
cipitation particles are assumed to be spherical, and so
Mie theory is employed to calculate the extinction co-
efficient k.,,, single-scatter albedo wy, phase function
p, and asymmetry factor g of the precipitation particle
distributions produced by the cloud model.

Microwave brightness temperatures at selected pas-
sive radiometer frequencies and viewing angles are cal-
culated by repeated application of the one-dimensional
version of Eddington’s second approximation (Wein-
man and Davies 1978). In the present treatment, all
radiance slant paths through the cloud model domain
are considered independently.

Upwelling microwave brightness temperature com-
putations at model resolution (~1 km) are performed
for each of the 13 GCE model-simulated tropical
squall-line cloud and precipitation fields. For each
cloud model field, brightness temperatures are com-
puted assuming four different water and land surface
backgrounds. The backgrounds are varied in order to
account for variations of the surface emissivity, which
may be encountered in applications of the retrieval
method described in section 2¢. Over water, emissivi-
ties corresponding to 20-m wind speeds of 0, 6, 12, and
18 ms™' are computed using the Wilheit (1979)
model. Over land, different emissivities are computed
by taking the areal-mean emissivity for water coverage
fractions of 0, 0.043, 0.08, and 0.12. By superimposing
the cloud model atmospheres over the different water
and land surface backgrounds, a total of four nadir-
view brightness temperatures for each atmospheric pro-
file over both water and land are computed.

Examples of the computed microwave brightness
temperatures from the GATE and TOGA COARE
squall-line simulations are presented in Figs. 2a—c and
3a—c. Figure 2a is a plan view of the distribution of
vertically integrated total precipitation (rain, snow, and
graupel) from the GATE squall-line simulation at 210
min. Note the convex precipitation distribution with the
most intense convection appearing near X = 24 km; Y
= 40 and 68 km. Computed nadir-view brightness tem-
peratures at 10.7 and 85.5 GHz associated with this
model field are shown in Figs. 2b and 2c, respectively.
At 10.7 GHz, the assumed calm water surface back-
ground has a low emissivity, and net upwelling bright-
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ness temperatures are less than 140 K. The brightness
temperature signal from precipitation is primarily due
to absorption and reemission from rain, with maximum
brightness temperatures greater than 260 K near the
convective cores. In contrast, the higher water surface
emissivity and enhanced emission from water vapor at
85.5 GHz result in ‘‘clear-air’’ brightness temperatures
greater than 220 K. Regions of cloud and/or light rain
produce brightness temperatures that can exceed 260 K
at the periphery of the storm; however, heavier rain and
snow/graupel scatter microwave radiances, and in the
net brightness temperatures decrease as radiant energy
is scattered out of the upwelling beam. Maximum
scattering depressions less than 140 K are seen in the
convective core regions, which can support ice hydro-
meteor growth with stronger updrafts.

Presented in Fig. 3a is a plan view of the simulated
TOGA COARE total precipitation distribution at 180
min. The highest liquid precipitation amounts occur in
the bow-shaped convective leading edge of the squall
line, and liquid water emission at 10.7 GHz (Fig. 3b)
exceeds 260 K along the leading edge. In contrast to
the GATE simulation, updrafts in the leading edge are
relatively weak, resulting in low ice precipitation con-
centrations and relatively high brightness temperatures
at 85.5 GHz (Fig. 3c). Scattering signatures below
220 K are observed only in isolated pockets to the rear
of the system along X = 50 km.

2) REFLECTIVITIES

In addition to the forward radiative model for com-
puting upwelling microwave brightness temperatures,
a model describing active radiometer (radar) response
is also developed. The physics of radar response is em-
bodied in the radar equation (Sauvageot 1992),

CZ,

P,
r?’

3)

where the power detected by the receiver is propor-
tional to the total reflectivity Z, of the atmospheric tar-
get, and is inversely proportional to the square of the
range r of the target. Constant C depends upon the spe-
cifics of the radar configuration and the dielectric con-
stant of liquid water.

The total reflectivity Z, of the atmospheric target is
represented by

)\4

zZ = K {kexc (Y wo(r)p(r, 180°)}

X exp[-—Z J‘r kext(s)ds] +Z,. 4
0

Here, | K;|? is a liquid water dielectric factor that has a
value of 0.93, \ is the radar wavelength, and s is the
distance measured along the slant path of the radar
beam. The term in curly brackets is the backscatter
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FiG. 3. Precipitation, brightness temperature, and radar reflectivity fields based upon the 180-min TOGA COARE
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content. (b) and (c) The associated nadir-view upwelling brightness temperatures computed at 10.7 and 85.5 GHz,
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9.72 GHz.
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cross section of the atmospheric target, where p(r,
180°) is the backscatter phase function of the target at
range r. The exponential term in Eq. (4) represents the
two-way attenuation of the radar pulse from the trans-
mitter to the target and back. Here, Z, is the equivalent
reflectivity of additional thermal noise power that con-
tributes to the radar-measured total power,

r’BT Af
" c (5)
where B is the Boltzman constant (1.38 X 1072
JK™"), T, is the system temperature, and Af is the
receiver bandwidth. Not included in Eq. (4) are small
contributions from multiply scattered pulse power re-
ceived by the radar.

If the radar is carried aloft by an aircraft or satellite
at an altitude z, above an assumed plane-parallel at-
mosphere, then the reflectivity measurement of the at-
mospheric layer at altitude z is

4

Z = 40| K |2 {kexi(2)wo(2z)p(z, 180%) )
kCXt d
conl 2 [ o
0

where 6, is the incidence angle of the radar beam at the
earth’s surface. This reflectivity relationship is appli-
cable to all atmospheric radar targets that do not in-
volve surface reflection of the transmitted/received ra-
dar pulse. The applications in this study will not include
these latter targets.

As in the case of the brightness temperature forward
model, the radiative parameters k.., wy, and p are spec-
ified, based upon the prescribed pressure, temperature,
humidity, and the water contents of the various cloud
species (cloud water, rain, cloud ice, snow, and grau-
pel) at each level in the cloud model atmosphere. Radar
reflectivities at cloud model resolution (approximately
1 km in the horizontal and vertical) are computed for
each of the 13 selected GCE model-simulated cloud
and precipitation fields.

Cloud model vertical precipitation structures and
computed radar reflectivity profiles from the GATE and
TOGA COARE simulations are presented in Figs.
2d—f and 3d-f{, respectively. In Fig. 2d, a vertical cross
section of total precipitation water content (rain, snow,
and graupel) from the modeled GATE squall line at
210 min; X = 27 km is shown. The corresponding path-
attenuated reflectivities for a nadir-viewing radar op-
erating at 9.72 GHz are presented in Fig. 2e. Note that
the maximum radar reflectivities (greater than 45 dBZ)
are located in the convective core regions at altitudes
greater than 2 km. The effects of path-integrated atten-
uation are revealed by comparing Fig. 2e to the ‘‘un-
attenuated’’ reflectivities for the same precipitation dis-
tribution in Fig. 2f. The highly reflective (>50 dBZ)
cores that extend down to the surface at Y = 38 and 72
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km in Fig. 2f are obscured by overlying precipitation
in the path-attenuvated reflectivity profiles.

The vertical cross section of total precipitation water
content from the modeled TOGA COARE squall line
at 180 min; ¥ = 64 km is shown in Fig. 3d. Associated
with the leading edge convection, precipitation water
contents greater than 1 g m~” extend from the surface
to about 5.5-km altitude. Although precipitation water
contents are typically lower in the TOGA COARE sim-
ulation relative to the GATE simulation, significant at-
tenuation of radar reflectivities in convective regions
still occurs, as indicated by Figs. 3e and 3f.

3) ANTENNA PATTERN EFFECTS

The fields of simulated brightness temperatures and
reflectivities are computed at the full resolution of the
cloud model, that is, roughly 1 km in the horizontal and
vertical. The relationship between the model-resolution
brightness temperatures/radar reflectivities and the
sensor-measured quantities is given by

1 .
Y=g fQ Y(0, $)yn(0, ¢) sin(0)dbdep, (7)

where

G:f v(8, $) sin(8)dod . (8)
Q

Here, y, is one of the simulated sensor measurements
and y,, is the corresponding model-resolution quantity;
v is the angular sensitivity function of the sensor chan-
nel, and the integrals are over all solid angles {2 where
the sensitivity function is nonnegligible. In this study,
the AMPR sensitivity functions are approximated using
Gaussian functions, which have the same half-power
widths as the AMPR antenna patterns. The sensitivity
function (two-way gain function) of the EDOP radar
1s prescribed as the square of the EDOP antenna pat-
tern. All sensitivity functions are resampled at model
grid-resolution by integrating the patterns over the sur-
face model grid boxes.

c. The inversion method

In this development the vector x is used to represent
all of the physical quantities, including profiles of cloud
and precipitation, to be retrieved using the inversion
method, and the vector y, represents the set of available
sensor observations. Following Lorenc (1986), it is as-
sumed that the ‘‘best’” estimate of x given the set of
observations Yy, is the expected value

E(x) = ff . -fx pdf(x)dx,

where the probability density function pdf(x) is pro-
portional to the conditional probability that x represents

9
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the true earth/atmosphere state, Xy, given that y is
equal to the observed y,

pdf(x) ® P(X = Xine|Y = Yo)- (10)

The multiple integral signs in Eq. (9) indicate integra-
tion over all dimensions of the state vector X.

Using Bayes’s theorem (again following Lorenc
1986), the relation Eq. (10) may be rewritten as

pdf(x) * P(y = ¥o|X = Xe) P(X = Xue)  (11)

* Pos[yo = ¥;(X)]Pu(x), (12)

where Pgs is equivalent to the probability that the set
of observations y, deviate from the set of simulated
observations y,(x) by a certain amount, given the
earth/atmosphere state x, and P, is the a priori proba-
bility that x is the true state of the earth/atmosphere. If
it is assumed that the errors in the observations and the
simulated observations are Gaussian and uncorrelated,
then the probability of observational deviation can be
expressed as

Pos[yo — ¥s(x)] = exp{ —0.5[yo — y,(x)]"
X (0 + 8)7'[yo — y,(x)1},

where O and S are the observation and simulation error
covariance matrices, respectively. Substituting for Pog
in Eq. (12) using Eq. (13), and then using the resulting
expression to substitute for pdf(x) in Eq. (9), the final
expression for the expected value of x is

exp{—0.5[yo — ys(x)1"
X (0 + 8) '[yo — y:(x)1}

o[- fr21025

X Pa(x = x!rue)dx’ (14)
where A is a normalization factor,
A= ff . f exp{—0.5[y, — y,(x)]"(0O + 8) "
X [yO - YA(X)] }Pa(x = xlrue)dx' (15)

At this stage it is common practice in remote sensing
applications to reexpress P, as the probability of the
deviation of x from some suitable initial guess state X;,,
and then assume that the resulting probability Pi,(x
— X;,) has a Gaussian form. It follows that the mini-
mum variance solution is equivalent to the state X that
minimizes the functional

J(x) = [¥o — ¥s(x)]7(O + 8) '[yo — ys(x)]

+(x — X)) 17 (x — X3), (16)

where | is the error covariance matrix of the initial
guess X, (see, e.g., Eyre 1989).

This method of solution requires an iterative search
for the minimum of the scalar J in the multidimensional
space of x, which involves the evaluation of the partial
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derivatives of y, at the current iterate of x. Although it
is widely used, this approach is not practical in the ap-
plications that follow. First, the evaluation of y, or its
derivatives is computationally intensive, and since in
general the components of y, are nonlinear functions of
the vector components of x, the derivatives should be
evaluated on each iteration. Typically, x can have a
dimension of 10 or greater, and y; is also about 10 in
many applications; so about 100 or more evaluations
of y, or its derivatives would be required on each iter-
ation. In addition, for a given set of observations, J may
have a shallow minimum or even multiple minima,
which can complicate the search procedure. Another
consideration is that in the applications of this study,
the a priori probability distribution P,(X = Xe), in
which the components of x are typically hydrometeor
water contents at different levels of the atmosphere, is
decidedly non-Gaussian. Hydrometeor water contents
usually follow a mixed lognormal probability distri-
bution (Kedem et al. 1994).

The alternative approach taken in the present study
is to make an approximate evaluation of the integral
expression for the expected value of x, Eq. (14). First,
a sufficiently large database of atmospheric profiles and
associated brightness temperatures/radar reflectivities
is generated using the output of the GCE model in con-
junction with the forward passive and active micro-
wave radiometer models (see sections 2a and 2b). For
the purpose of future discussion this database will be
called the ‘‘supporting’’ cloud/radiative model data-
base. The impact of the supporting database size and
diversity of atmospheric profiles on the accuracy of
profile retrievals is examined in the next section. Em-
ploying the large supporting cloud/radiative model
database, E(x) in Eq. (14) can be approximated by

exp{—0.5[yo - ys(xj)]T
X (0 + S)_IA[YO - ys(xj)]}

. _ - {
E(x) ?X, 7 , (A7)
where A is the normalization factor
A=Y exp{-05[yo — y.(x)1"
i
X (0 +8) '[yo — y;(x)1}. (18)

The integrals in Egs. (14) and (15) are replaced by the
summations in Egs. (17) and (18) over all model-sim-
ulated profiles x; in the supporting cloud/radiative
model database. Here, the main assumption is that pro-
files in the supporting database occur with nearly the
same relative frequency as those found in nature, or at
least with the same frequency as those found in the
region where the retrieval method is to be applied. Un-
der this assumption, the weighting by P,(X = Xye) in
the integral form Eq. (14) is represented simply by the
relative number of occurrences of a given profile type
x; in the summation Eq. (17). Since the atmospheric
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profiles are generated using a model that incorporates
most relevant physical processes of the earth and at-
mosphere, the relative frequency of simulated profiles
of a certain type should be roughly the same as that of
naturally occurring profiles if (a) the atmospheric
model is used to simulate cloud development over the
range of environments observed in the region of inter-
est, and (b) that each cloud model simulation is sam-
pled at regular time intervals, such that no particular
stage of cloud or cloud system development is favored
over another. Ideally, these conditions should be sat-
isfied; however, in practice only a limited number of
cloud model simulations may be available for con-
structing the supporting cloud/radiative model data-
base. In fact, even a large supporting database may not
include all of the environments encountered by the ra-
diometer—radar system.

The question may then be posed: Can the retrieval
method still provide useful estimates of cloud/precip-
itation profiles where the atmospheric environment is
somewhat different from the environments of the cloud
model simulations that contribute to the supporting
database? The answer to this question is that it may still
be possible to obtain reasonable solutions from the re-
trieval method if there exist individual cloud/precipi-
tation profiles in the supporting database similar to
those observed by the sensor. The existence of viable
profiles in the supporting database can be determined
by looking at the root-mean-square deviation between
the brightness temperatures/reflectivities associated
with the retrieved profile and the observed brightness
temperatures/reflectivities. If the rms deviation is on
the order of (or less than) the combined error of the
simulated and observed brightness temperatures/re-
flectivities, then the retrieved profile is viable; other-
wise, a profile ‘‘radiatively’’ consistent with the obser-
vations does not exist in the supporting database. How-
ever, even if the retrieved profile is not quite a proper
match to the observations, it may be close to a match
and, therefore, might be useful if the error in the re-
trieved profile is tolerable for a given application.
Again, the rms deviation between the brightness tem-
peratures/reflectivities associated with the retrieved
profile and the observed brightness temperatures/re-
flectivities is a useful measure of the quality of the re-
trieved profile. The greater the rms deviation, the
greater the uncertainty in the retrieved profile.

Another possibility is that a cloud model simulation
is run for the environment where the retrieval method
is applied, but errors in the model simulation lead to
erroneous cloud and precipitation profiles that enter the
supporting cloud/radiative model database. These er-
roneous profiles will not necessarily contribute to the
retrieval solution, since the exponential term in Eq.
(17) ensures that profiles must be radiatively consistent
with the observations to contribute.

A much more complex issue that impacts all retriev-
als is that of the uniqueness of the retrieved profile.
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Even if the supporting database includes a full spec-
trum of possible cloud/precipitation profiles, the radi-
ometer/radar observations may be compatible with
several different profiles, and so the actual profile may
not be uniquely identified. One measure of nonunique-
ness is the variance of a retrieved parameter, given a
set of observations. The covariance matrix of x may be
estimated, following Papoulis (1965),

V(x)=E{[x - Ex)][x - E@IT}. (19)

Since the diagonal elements of V (x) give the deviation
of x from its ‘‘retrieved’’ value, they are a measure of
the uncertainty in x based upon the supporting cloud/
radiative model database. The impact of the supporting
database on retrievals is examined using synthetic data
in the next section.

3. Application to AMPR and EDOP
a. Instrument descriptions

The Advanced Microwave Precipitation Radiometer
(AMPR) is a scanning passive microwave radiometer
with channels at 10.7, 19.35, 37.1, and 85.5 GHz. A
full description of the AMPR instrument can be found
in Spencer et al. (1994). The NASA ER-2 Doppler
radar (EDOP) is an X-band (9.72 GHz) Doppler radar
with fixed nadir and forward-looking beams (Heyms-
field et al. 1993). Basic specifications of the AMPR
and EDOP are listed in Table 1.

To facilitate collocation of passive and active micro-
wave measurements from the AMPR and EDOP, only
the nadir-view data from these instruments are consid-
ered. At nadir view, the half-power surface footprint
dimensions of the AMPR are 2.8 km, 2.8 km, 1.5 km,
and 0.6 km for the 10.7-, 19.35-, 37.1-, and 85.5-GHz
channels, respectively. A 10.7-GHz channel resolution
equal to the 19.35-GHz resolution is achieved using a
separate 24.6-cm-diameter antenna; all of the other
channels utilize a 13.5-cm antenna. Nadir observations
from the EDOP employ a 76-cm-diameter antenna with
a 2.9° beamwidth, yielding a surface resolution of ap-
proximately 1.0 km. The EDOP data utilized in this
study have a vertical resolution of 150 m, and with the
ER-2 flying at a nominal altitude of 20 km, the nadir-
view minimum detectable signal is approximately 8
dBZ at 10-km altitude and 14 dBZ at the surface.

b. Synthetic retrievals

In this subsection, the retrieval method is tested us-
ing simulated AMPR and EDOP observations gener-
ated from the GCE model and the forward passive and
active radiometer models described in section 2. The
purpose of these tests is to provide a benchmark for
expected errors in retrieved cloud/precipitation pro-
files, and to determine how sensitive these errors are to
(a) the type of sensor data utilized, (b) the background
surface, (c) errors in the summation approximation
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(Eq. 17), (d) the type of supporting cloud/radiative
model data employed, and (e) errors in the observa-
tions.

The use of simulated data in these retrieval experi-
ments makes it possible to initially evaluate algorithm
performance under controlled conditions. If these re-
trieval method tests were performed on actual radi-
ometer/radar data, comparing the resulting retrieved
profiles to independent ground truth data, then random
errors and biases inherent to the retrieval method itself
could not be distinguished from random errors and bi-
ases in the ground truth data, or from errors in the ra-
diometer/radar observations and cloud/radiative model
simulations. Independent ground ‘truth’’ data, such as
volume-scan radar data, are subject to errors in radar
operation and calibration, as well as errors resulting
from space and time offsets between the aircraft radi-
ometer/radar and validation radar measurements.

Although there are certain advantages gained from
the controlled conditions in synthetic retrieval tests,
these tests are only meant to augment future retrieval
validation studies, which utilize quality ground truth.
Since the retrieval method provides estimates of the
water content profiles of several hydrometeor species,
in situ probe measurements of cloud and precipitation
water contents at different altitudes coinciding with
volume-scan radar observations would be optimal for
validation studies. Presently, there is a dearth of such
data, and none are available for the EDOP measure-
ment campaigns.

A relatively small portion of the combined GATE
and TOGA COARE GCE model simulations is segre-
gated from the rest of the simulations to serve as syn-
thetic data. A subset of the AMPR brightness temper-
atures and EDOP reflectivities derived from the GCE
model-simulated TOGA COARE atmospheric profiles
at 210 min are utilized as synthetic observations. First,
model profiles/brightness temperatures/radar reflectiv-
ities are sampled every three horizontal grid points
(every 3 km) in both the X and Y directions from the
210-min TOGA COARE simulation. Although model
profiles at 3-km spacing are not independent, there is
negligible overlap of the simulated observations at this
spacing, since the maximum footprint dimension of the
observations is 2.8 km. Also, in order to emphasize
significant precipitation water contents in the statistics,
only brightness temperature/reflectivity simulations
corresponding to profiles having vertically integrated
precipitation (rain, snow, and graupel) amounts greater
than or equal to 1.0 kg m~ are selected as synthetic
observations. A total of 182 profiles and associated ob-
servations from the sampled model domain satisfying
the integrated precipitation threshold are extracted.
Since four brightness temperature/radar reflectivity
simulations are computed for each atmospheric profile
over both water and land surface backgrounds (see sec-
tion 2b), a total of 728 synthetic radiometer/radar ob-
servations are created for both water and land surfaces.
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In each synthetic retrieval test to follow, the retrieval
method is applied to the synthetic observations, and
estimates of the integrated precipitating liquid, inte-
grated precipitating ice (snow and graupel), and sur-
face rain rate from the retrieved profile (approximately
1 km X 1 km resolution) centered on the observations
are computed. Error statistics of the retrieved quantities
are determined by comparing them to the known quan-
tities from the GCE model synthetic database. All sta-
tistics are stratified by surface type (simulations over
water and land surfaces) and instruments used (either
the AMPR data only, EDOP data only, or combined
AMPR and EDOP data). A total of 728 retrievals are
performed on the synthetic observations over both wa-
ter and land surfaces in each test. The mean integrated
precipitating liquid of the synthetic dataset profiles is
1.99 kg m™~2, while the mean integrated precipitating
ice (snow and graupel) is 1.12 kg m™2, and the mean
surface rain rate is 8.34 mm h™".

1) BASELINE RETRIEVAL TESTS

In the following baseline retrieval tests, all profiles
and simulations of AMPR brightness temperatures and
EDOP reflectivities generated from the GATE and
TOGA COARE GCE model runs (other than the time
210 TOGA COARE data) are utilized in the supporting
database of the retrieval method. Nominal noise is
added to both the synthetic AMPR and EDOP data. To
the AMPR data, zero-mean Gaussian distributed noise
with a standard deviation of 1.5 K is added to the data
from each channel using a random number generator.
This noise level is derived from the measured values
in Spencer et al. (1994), but is increased according to
information from R. Hood (1994, personal communi-
cation) regarding additional uncertainty in the calibra-
tion of the AMPR during CAMEX. For EDOP, random
errors with a variance of 0.0328Z ? are added to the
radar reflectivities. Consistent with the operation of the
EDOP during CAMEX, this error variance is derived
for a logarithmic radar receiver that averages 50 inde-
pendent samples of return power per measurement
(Sauvageot 1992).

To apply the retrieval method, appropriate magni-
tudes for the error covariance matrices, O and S in Eq.
(17), must be determined. In the synthetic retrievals
the forward radiative model y,(x) is exact, and so the
error covariance matrix S yields no contribution. Also,
due to lack of information on the correlation of errors
between instruments and between channels of the same
instrument, only the diagonal terms of the matrix O will
be estimated in the present study; all off-diagonal terms
are set to zero. The assumed observation error vari-
ances are set equal to the nominal instrument error vari-
ances estimated previously. Statistics of the baseline
retrieval tests that utilize these nominal noise error vari-
ances are indicated by oy = o, in Table 2 (over water
surfaces) and Table 3 (over land surfaces).
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TABLE 2. Statistics of AMPR-only, EDOP-only, and AMPR + EDOP synthetic retrievals over four water surfaces. Listed are the bias, error
standard deviation o., and correlation coefficient » of retrievals for different variations of the retrieval method. The bias and o, have units
of kilograms per square meter for integrated precipitating liquid and ice, and millimeters per hour for surface rain rate. Capital letters refer

to the supporting cloud/radiative model database used in the retrieval;

G indicates a retrieval using the GATE supporting database only, T

indicates a retrieval using the TOGA COARE supporting database, and C indicates usage of the combined GATE plus TQGA COARE
supporting database. Two sigma values in sequence are also listed for each retrieval: the first indicates the error standard d.ewauon of noise
added to the observations prior to the retrieval; the second is the observational error standard deviation assumed in the retrieval [Eq. (17)].

Precipitating liquid

Precipitating ice Surface rain rate

Bias

o, r Bias o, r Bias o, r
AMPR-only
C o, o, -0.07 0.64 0.978 —0.06 0.37 0.931 —0.55 4.58 0.953
C o, 20, —0.08 0.73 0.972 —0.08 0.38 0.931 -0.52 4.42 0.958
C o, 4o, —-0.09 0.91 0.954 —0.11 0.45 0.906 —0.41 4.70 0.951
C o, 8o, -0.12 1.08 0.936 —0.11 0.58 0.861 —-0.47 5.12 0.946
G o, 20, -0.06 1.39 0.879 —0.14 0.70 0.731 +2.94 13.39 0.602
T o, 2o, -0.09 0.73 0.972 -0.07 0.38 0.927 -0.65 4.36 0.959
C 20, 20, -0.07 0.80 0.965 -0.07 0.43 0.905 -0.41 4.75 0.949
EDOP-only
C o, o0, -0.16 0.38 0.991 -0.09 0.20 0.982 -0.87 4.07 0.962
C o, 20, -0.19 0.55 0.987 -0.09 0.19 0.986 -1.05 4.16 0.966
C o, 4o, —-0.26 0.74 0.976 -0.11 0.18 0.989 —-1.52 5.24 0.947
C o, 8o, —-0.62 1.59 0.881 -0.26 0.34 0.972 -3.32 8.38 0.892
G o, 20, —-0.64 1.80 0.781 +0.11 0.51 0.886 -3.50 10.64 0.691
T o, 20, -0.19 0.55 0.987 -0.09 0.19 0.986 -1.05 4.16 0.966
C 20, 20, -0.70 1.99 0.748 -0.27 0.46 0.928 ~3.45 10.60 0.707
AMPR +EDOP
C o, o, -0.16 0.48 0.985 -0.10 0.21 0.979 —0.68 4.61 0.950
C o, 20, -0.15 0.46 0.987 -0.10 0.21 0.980 -0.69 4.45 0.953
C o, 4o, -0.16 0.41 0.990 -0.12 0.19 0.984 —0.82 4.13 0.960
C o, 8o, -0.23 0.47 0.987 -0.24 0.28 0.975 -1.17 4.61 0.951
G o0, 20, —0.65 1.59 0.846 —0.06 0.41 0.916 —2.88 9.90 0.739
T o, 20, -0.15 0.46 0.987 -0.10 0.21 0.980 —0.69 4.45 0.953
C 20, 20, —0.51 1.31 0.889 —-0.30 0.45 0.932 —2.46 9.09 0.786

It may be inferred from Table 2 that over water
surfaces, retrieval estimates of either integrated pre-
cipitating liquid, integrated precipitating ice, or sur-
face rain rate are well-correlated with the true values,
although retrieval random errors are significant. The
retrieval of integrated precipitating ice using the
AMPR data yields a minimum correlation of 0.931,
while all of the other retrievals yield correlations
above 0.950. On the other hand, error standard devi-
ations of the retrievals, defined as percentages of the
mean by o./mean X 100%, range from 18% to 55%.
Total biases in the retrievals are always negative and
less than 10% of the mean values. Retrievals using the
EDOP data and the combined AMPR +EDOP data
generally have lower random errors than the AMPR-
only retrievals, with the exception of retrieved surface
rain rate. Conversely, biases in the retrievals based
upon the EDOP and combined AMPR + EDOP data
are always slightly greater in magnitude relative to the
AMPR-only retrievals.

Over land surfaces (Table 3), the EDOP retrieval
statistics are identical to those over water, since the
synthetic radar data are independent of surface type.
AMPR retrievals of integrated precipitating liquid
and rain rate are considerably less accurate than those
over water. This result follows from the fact that the
liquid precipitation primarily absorbs and emits mi-
crowave radiances at the AMPR frequencies, and this
absorption/emission cannot be easily distinguished
from the high-emissivity land backgrounds. Con-
versely, the scattering signature of precipitating ice
is easily detected over the highly emissive land sur-
face backgrounds, and so the accuracy of AMPR re-
trievals of integrated precipitating ice is comparable
to that over water. Retrievals over land using the
AMPR and EDOP together are not significantly dif-
ferent from the EDOP-only retrievals, suggesting
that the accuracy of the combined retrievals is pri-
marily limited by the information contained in the
EDOP data. Also, the accuracy of the combined
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TABLE 3. Same as Table 2 but for synthetic retrievals over four land surfaces.

Precipitating liquid

Precipitating ice Surface rain rate

Bias o, r Bias g, r Bias o, r
AMPR-only
C o, o, —-0.04 1.18 0.912 —0.05 0.37 0.934 —-0.47 6.97 0.884
C o, 20, —-0.07 1.31 0.896 -0.08 0.39 0.925 —-0.57 7.36 0.876
C o, 4o, -0.17 1.72 0.852 —0.11 0.46 0.905 —-1.23 9.20 0.846
C o, 8o, —-0.22 2.36 0.762 —0.12 0.62 0.828 —1.81 12.45 0.759
G o, 20, —-0.36 1.93 0.827 —-0.25 0.45 0.904 —0.08 10.23 0.791
T o, 20, -0.07 1.29 0.899 -0.06 0.39 0.924 —0.68 7.29 0.877
C 20, 20, —-0.02 1.52 0.847 —-0.06 0.45 0.899 -0.26 8.40 0.822
EDOP-only
C o, o, -0.16 0.38 0.991 —-0.09 0.20 0.982 -0.87 4.07 0.962
C o, 20, -0.19 0.55 0.987 -0.09 0.19 0.986 -1.05 4.16 0.966
C o, 4o, -0.26 0.74 0.976 -0.11 0.18 0.989 —-1.52 5.24 0.947
C o, 8o, —0.62 1.59 0.881 —-0.26 0.34 0.972 —-3.32 8.38 0.892
G o, 20, —0.64 1.80 0.781 +0.11 0.51 0.886 —-3.50 10.64 0.691
T o, 20, -0.19 0.55 0.987 —-0.09 0.19 0.986 —-1.05 4.16 0.966
C 20, 20, -0.70 1.99 0.748 —-0.27 0.46 0.928 —-345 10.60 0.707
AMPR + EDOP
C o, o, —0.15 0.38 0.991 —-0.09 0.21 0.981 —0.87 4.15 0.960
C o, 20, —-0.15 0.34 0.993 —0.09 0.20 0.983 -0.79 3.95 0.963
C o, 4o, —0.21 0.42 0.992 -0.11 0.18 0.987 —-1.23 4.59 0.953
C o, 8o, -0.54 1.28 0.940 -0.23 0.28 0.978 -2.96 7.38 0.921
G o, 20, ~0.61 1.62 0.840 —0.02 0.43 0.909 ~3.34 10.32 0.717
T o, 20, -0.15 0.34 0.993 -0.10 0.20 0.983 -0.79 3.95 0.963
C 20, 20, —0.68 2.00 0.725 —0.25 0.41 0.944 —-3.27 10.84 0.675

AMPR + EDOP retrievals over land is about the same
as that over water.

2) SENSITIVITY TO SUMMATION APPROXIMATION
ERRORS :

Although there is a formal accounting for observa-
tion and simulation errors in the retrieval method, there
are additional errors in the retrievals due to the fact that
the finite sum over the supporting cloud/radiative
model data in Eq. (17) is only an approximation to the
integral in Eq. (14). In neighborhoods of y, where few
simulations y (x) exist, the summation approximation
to the integral will be poor.

This effect is illustrated in Fig. 4. Imagine a ‘‘single-
channel’’ retrieval that utilizes only error-free 10.7-
GHz brightness temperature data from the AMPR to
estimate the integrated precipitating liquid from Eq.
(17). If an observational error standard deviation of o
is specified, then for an AMPR brightness temperature
observation of 250 K, Eq. (17) yields roughly the mean
of all the integrated liquid precipitation amounts in the
supporting cloud/radiative model database associated
with brightness temperatures within the 250 = oy K
bounds. Bounds for o, = 0.5¢, (0.75 K) and oy = 2.00,,
(3.0 K) are illustrated in Fig. 4a, against the supporting
data (circular dots). If Eq. (17) is applied to all of the

possible observations of 10.7-GHz brightness temper-
atures between 125 and 275 K, then the dotted (o,
= 0.50,) and solid (g4 = 2.00,) curves of Fig. 4b re-
sult. It can be seen that if a relatively small 0.50, is
specified, the estimated integrated precipitating liquid
can fluctuate considerably as the observed brightness
temperature increases, which suggests that there are too
few data (especially at high integrated precipitation
amounts) present within the small £0.75-K interval to
make a reliable approximation to the mean value using
Eq. (17). A better approximation can be obtained by
specifying oo = 2.00,. In this case a much smoother,
more realistic approximation to the mean value is ob-
tained.

A similar result is obtained if one considers the
single-channel EDOP retrieval illustrated in Fig. 5.
In Fig. 5a the mean radar reflectivity between the
surface and 5-km altitude is plotted against the as-
sociated integrated precipitating liquid. If a mean re-
flectivity of 42 dBZ is observed, then the noise de-
viations +0.5¢0, and £2.00, are shown as dotted and
solid lines, respectively, in the panel. Assuming these
two error standard deviations, the relationships im-
plied by Eq. (17) between the observed reflectivities
and mean integrated precipitating liquid amounts are
shown in Fig. 5b. Here, again, there are small fluc-
tuations in the relationship that utilizes the smaller
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FiG. 4. Brightness temperature single-channel retrieval plots. (a)
The scatterplot of integrated precipitating liquid as a function of 10.7-
GHz brightness temperature from the supporting cloud/radiative
model database (dots) and synthetic observations from the 210-min
TOGA COARE simulation (diamonds). For a brightness temperature
measurement of 250 K, the dotted lines indicate the +0.5¢0, error
range, and the solid lines indicate the =2.0g, error range. (b) The
corresponding retrieval curves for oy = 0.50, (dotted) and o, = 2.00,
(solid) computed using Eq. (17). The dot—dashed curve is the error
standard deviation of the gy, = 2.00, retrieval curve estimated from
the supporting database and Eq. (19). The long-dashed line is the
retrieval curve based upon the synthetic observations and Eq. (17).

oo = 0.50, standard deviation, while if the larger o,
= 2.00, is assumed, then a smoother relationship re-
sults.

The single channel tests suggest that by inserting a
larger error standard deviation in the denominator of
the exponential term of Eq. (17) one can help to com-
pensate for errors in the summation approximation by
broadening the neighborhood of y,, which effectively
contributes to the summation. Of course, for some very
high value of the specified error standard deviation the
broadening of the neighborhood of y, will be too great,
and the retrieval estimate K ( x) will be biased toward
the mean x of the supporting database. Although this
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type of bias is not observed for the values of error stan-
dard deviation tested in this study, it has been observed
in synthetic SSM/I retrievals performed by Kumme-
row et al. (1996).

In the following set of synthetic retrieval experi-
ments, the assumed observational error standard devi-
ations are augmented by factors of 2, 4, and 8 in an
attempt to compensate for the additional error intro-
duced by the retrieval method summation approxima-
tion. Results of these tests are indicated by oo = 2.00,,
4.00,, and 8.0c, in Tables 2 and 3. In most of the
retrievals, there is at most only a slight improvement
in retrieval accuracy for values of o, greater than o,.
In future tests an ‘‘optimal’’ o, = 2.00,, will be utilized.

3) DATABASE DEPENDENCE

It should be noted that the simulated observations in
the synthetic retrieval tests are derived from one time
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FIG. 5. Same as Fig. 4 but for the retrieval of integrated precipi-
tating liquid using the mean 9.72-GHz radar reflectivity below 5-km
altitude. Note that the error ranges in panel (a) are for a mean reflec-
tivity measurement of 42 dBZ.
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FIG. 6. Errors in the synthetic retrievals of integrated precipitating liquid (a), and integrated precipitating ice (b). Tﬁe retrieval method is
applied to synthetic AMPR and EDOP data derived from the 210-min TOGA COARE simulation over four water surface backgrounds.

period of the TOGA COARE model run, and, there-
fore, these observations correspond to profiles which
may be similar to those of the supporting cloud/radi-
ative model database; which includes a large number
of TOGA COARE profiles. If instead the synthetic data
included profiles coming from a very different atmo-
spheric environment or climatic regime, then in prin-
ciple it should be much more difficult to construct a
realistic retrieval estimate of a given profile from a
combination of supporting database profiles, as sug-
gested by Eq. (17). In the following tests, retrievals are
performed on the same set of synthetic observations
(derived from the 210-min TOGA COARE GCE
model simulation), while the supporting database of
the retrieval method is changed. The first retrieval test,
labeled *‘G’” in Tables 2 and 3, incorporates only the
GATE GCE model simulation data in the supporting
database; the second retrieval test, labeled T, incorpo-
rates all of the TOGA COARE simulation data in the
supporting database except for the 210-min stage.
These two tests may be compared to the retrievals that
utilize the combined (labeled *‘C’’) GATE and TOGA
COARE GCE model simulations as supporting data,
with oy = 2.00, (second row).

It may be generally noted that when the GATE data
are utilized to retrieve the subset of TOGA COARE
precipitation water contents and surface rain rates, the
accuracy of the retrievals is significantly lower than
when either the TOGA COARE or combined GATE
and TOGA COARE data are utilized as supporting
data. Evidently, more accurate retrieved precipitation
profiles can be constructed from a database that in-
cludes profiles that come from a similar, rather than a
dissimilar, cloud environment.

This result is not surprising since the atmospheric
environments used to initialize the GATE and TOGA

COARE GCE model simulations are different, even
though both environments were taken from tropical ob-
servations. The initial stability, lifting profile, and ver-
tical wind shear conditions in the GATE and TOGA
COARE simulations are different, which might account
for greater convective cell tilt and smaller ice to liquid
precipitation ratios in the TOGA COARE simulations
(W.-K. Tao 1995, personal communication). The pre-
cise mechanisms that account for these differences are
not well understood, and are the subject of study at this
time. The selection of supporting cloud/radiative
model data appears to have a significant impact on all
retrievals, with the possible exception of the AMPR-
only retrievals of integrated precipitating ice over land.
If the GATE supporting data are used exclusively in
the retrievals, the retrieval errors (correlations) are
generally much higher (lower) than those resulting
from the use of TOGA COARE or combined support-
ing data; see Tables 2 and 3. This retrieval test empha-
sizes the importance of creating the most comprehen-
sive supporting cloud/radiative model database possi-
ble for use in the retrieval method.

4) SENSITIVITY TO NOISE IN OBSERVATIONS

In a final synthetic retrieval experiment, the noise
added to the simulated brightness temperatures/radar
reflectivities of the synthetic dataset is doubled to ex-
amine the sensitivity of the retrieval method to larger
observation error levels. The combined GATE and
TOGA COARE simulations are utilized as supporting
data in the retrievals. Statistics of this test are again
logged in Tables 2 and 3. Over both water and land
surfaces, the random errors in retrievals utilizing the
EDOP or combined AMPR +EDOP data more than
double when the noise is doubled. Retrievals using the
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AMPR data alone degrade somewhat with the addi-
tional noise, but to a much lesser degree. For example,
the random error in the EDOP retrievals of integrated
precipitating liquid over water increase from a standard
deviation of 28% to 100% of the mean value; combined
AMPR + EDORP retrieval error standard deviations in-
crease from 23% to 66%. Errors in the AMPR retrievals
of integrated precipitating liquid increase from 37% to
40%. This result suggests that retrievals are much more
sensitive to errors in the EDOP reflectivity data, and
that specification of optimal o, values based upon syn-
thetic retrieval tests may be indicated for combined
AMPR +EDOP retrievals.

5) ANALYSIS OF RANDOM ERRORS

Scatterplots of the errors in retrieved integrated pre-
cipitating liquid versus the actual integrated precipitat-
ing liquid, and errors in retrieved integrated precipitat-
ing ice versus actual integrated precipitating ice are
shown in Fig. 6. These retrievals are performed using
both the AMPR and EDOP data over water surfaces
with an assumed error standard deviation o4 = 2.00,,.
The distribution of errors in the AMPR +EDOP re-
trievals over land surfaces (not shown) are similar.
Note that for significant integrated precipitating liquid
and ice amounts, random errors in the retrievals in-
crease with integrated precipitation amount. Percentage
errors are generally less than 20% for integrated pre-
cipitating liquid and ice amounts greater than 1.0
kg m™>2.

The trend of retrieval error increasing with integrated
precipitation amount can be understood by examining
the single-channel retrievals in Figs. 4b and 5b. Note
that the relationship between either the passive 10.7-
GHz brightness temperatures or the active 9.72-GHz
mean reflectivities and the integrated precipitating lig-
uid amounts becomes more ambiguous as the inte-
grated precipitation amount increases. The increasing
ambiguity results in retrieval error standard deviations
[evaluated from Eq. (19) and plotted as dot—dash lines
in the figures] which increase with integrated precipi-
tating liquid amount. The estimated errors in the pas-
sive 10.7-GHz and active 9.72-GHz single-channel es-
timates are on the order of 35% and 25%, respectively,
for precipitating liquid amounts greater than 1.0
kg m™2.

The single-channel retrievals are a good analog to
the multichannel estimates, since all of the AMPR and
EDOP channels lose sensitivity as the precipitation
amount becomes large. Note that the theoretical esti-
mates of the single-channel retrieval random errors
computed using Eq. (19) and plotted as dot—dash
curves in Figs. 4b and 5b also increase with increasing
integrated precipitating liquid amount, but percentage
errors are relatively constant with precipitation
amount. Dividing the error standard deviations of the
AMPR + EDOP retrieved quantities from Tables 2 and
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3 (oo = 20, case; second row) by the true mean quan-
tities, retrieval random errors of 23%, 19%, and 53%
are obtained for estimates of integrated precipitating
liquid, integrated precipitating ice, and surface rain
rate, respectively. The percentage errors of the re-
trieved quantities over water and land surfaces are sim-
ilar, and the maximum percentage errors are used here.

It has been shown by Tao et al. (1993) that vertical
distributions of latent heating are linked to vertical hy-
drometeor distributions. Especially important is the
classification of precipitation as convective or strati-
form. Convective rain is generally characterized by
heating in the lower troposphere, while stratiform pre-
cipitation is usually associated with heating in the upper
troposphere (above the freezing level) and cooling in
the lower troposphere (below the freezing level).

The method of Churchill and Houze (1984 ) is em-
ployed here to discriminate between convective and
stratiform regions in the 210-min TOGA COARE
squall-line simulation. Of the 728 synthetic observa-
tions over water backgrounds described previously,
360 are from convective regions and 320 are from strat-
iform regions. The remaining 48 are too close to the
model boundary for proper classification and are, there-
fore, eliminated from the following analysis. The re-
trieval method is applied separately to the sets of syn-
thetic AMPR brightness temperatures and EDOP re-
flectivities from the convective and stratiform regions.
In Fig. 7 the mean retrieved convective and stratiform
profiles of total precipitation (rain, snow, and graupel)

14 T T T T T T
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FiG. 7. Mean vertical profiles of retrieved total precipitation (rain,
snow, and graupel) and retrieval error standard deviation based upon
the convective and stratiform regions of the 210-min TOGA COARE
model simulation. Convective and stratiform regions are distin-
guished using the Churchill and Houze (1984) technique. The re-
trieval method is applied to synthetic AMPR and EDOP data derived
from the 210-min TOGA COARE simulation over four water surface
backgrounds.
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FiG. 8. Cumulative distributions of integrated precipitating liquid
(a), and integrated precipitating ice (b). Solid lines indicate the known
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dashed and dash--dot lines are the cumulative distributions of quan-
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AMPR +EDOP data, respectively. Synthetic AMPR and EDOP data
are derived from the 210-min TOGA COARE simulation over four
water surface backgrounds.

and retrieval error standard deviations from this test are
plotted. Note that the bulk of the precipitation in con-
vective regions resides below 8 km, while most of the
stratiform precipitation lies between 4 and 10 km, with
a maximum near 6 km. AMPR + EDOP retrieval errors
in convective regions typically increase with the mean

precipitation water content at a given level, while re-’

trieval errors in stratiform regions are nearly constant
with height. Also, retrieval errors associated with con-
vective precipitation are generally greater than those
associated with stratiform rain, again reflecting the cor-
relation between error and mean water content. Statis-
tics of AMPR +EDOP retrievals of convective and
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stratiform profiles from the same hydrometeor distri-
butions over land surfaces (not shown) are very similar
to those over water.

6) ANALYSIS OF BIASES

The preceding analysis has focused on the compar-
ison of retrieval random errors, and the correlations be-
tween retrieved and true precipitation variables. These
statistics are especially important in aircraft studies of
the high-resolution, instantaneous structure of individ-
ual storms or convective systems. In future studies the
authors will apply the combined passive—active micro-
wave retrieval method to data from satellite-borne pas-
sive and active radiometers, such as the TRMM Mi-
crowave Imager and Precipitation Radar to be flown on
the TRMM satellite. Continuously operating satellite-
borne radiometers can provide the data needed for cli-
mate studies, since larger space and time averages of
retrieved quantities are required for climate work. In
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F1G. 9. Same as Fig. 8 but for retrievals over
land surface backgrounds.
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space and time averages of retrievals, the influence of
random errors is dramatically reduced by oversam-
pling; however, biases in the retrievals are not reduced
in this way.

Shown in Figs. 8 and 9 are the cumulative fraction
distributions of integrated precipitating liquid and in-
tegrated precipitating ice, as well as the cumulative
fraction distributions from synthetic retrievals using the
AMPR, EDOP, and combined AMPR + EDOP obser-
vations with o, = 2.00,. The cumulative fraction is
defined

2 (-le xtruej = xmax)
CumPFrac(x, Xy, ) = <

20
pX Xtrue, (20)
J

where x; andAxm,ej are components of the retrieved quan-
tity vector E(x); and the corresponding true vector
Xiue,» T€Spectively, and X, is the maximum true
value indicated on the abscissa of each plot in the fig-
ure. Thus, the difference of the retrieved and true cu-
mulative fractions of x provides a measure of the bias
of the retrieved x for the subset of true values less than
Xmax- Lhe cumulative fraction distributions of the re-
trieved quantities are compared to the true fraction dis-
tributions shown as darker lines in the figures.

The general trends in the retrievals of integrated pre-
cipitating liquid and integrated precipitating ice are de-
creasing positive biases or increasing negative biases
as the maximum of the distribution of each quantity is
increased. Over water surfaces, the AMPR-only re-
trievals of integrated precipitating liquid show a total
negative bias of only 4% (see Fig. 8a). EDOP-only
retrievals are biased to a greater degree: the magnitude
of the negative bias in integrated precipitating liquid
retrievals increases to a maximum of 10% over the en-
tire database. Similar trends are seen in the retrievals
of integrated precipitating ice (Fig. 8b). AMPR-only
and EDOP-only retrievals of integrated precipitating
ice have total negative biases of 7% and 8%, respec-
tively. The bias in the EDOP-only retrievals of inte-
grated precipitating liquid is only slightly altered by
combining the EDOP with the AMPR data. Figure 8a
suggests, however, that the bias in the AMPR + EDOP
integrated precipitating liquid retrievals might be fur-
ther reduced if greater relative weight (or equivalently,
a smaller error standard deviation) is assigned to the
AMPR observations, since the negative bias in the
AMPR-only retrievals is less than half of the bias in
the EDOP-only retrievals.

Over land, AMPR-only retrievals of integrated liquid
precipitation exhibit significant biases over a range of
water contents due to the ambiguity between liquid pre-
cipitation emission and emission from the land surface
backgrounds (Fig. 9a). EDOP-only retrievals, which
are unaffected by the surface type, show an increasing
negative bias with increasing integrated precipitating
liquid amount that is identical to the trend seen in the
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overwater retrievals. The biases in combined AMPR -
EDOP retrievals of precipitating liquid are also very
similar to those over water. AMPR-only, EDOP-only,
and AMPR + EDOP retrievals of precipitating ice over
land backgrounds show nearly the same negative bias
trends as those over water (Fig. 9b). However, due to
the limited scattering signal from precipitating ice
amounts less than 1 kg m~2, the magnitudes of biases
are greater in AMPR-only retrievals for small ice
amounts.

The biases in retrieved surface rain rates, although
not shown, closely follow the trends seen in the inte-
grated precipitating liquid retrievals.

Since the supporting cloud/radiative model database
and synthetic observations are bias free, the biases re-
ported in this section are inherent to the retrieval
method itself. The trends in the retrieval biases can be
explained with the aid of Figs. 4 and 5, which illustrate
the ‘‘single-channel’’ retrieval of integrated precipitat-
ing liquid over water from 10.7-GHz brightness tem-
peratures and mean radar reflectivities, respectively.
Note that as the 10.7-GHz brightness temperatures and
radar reflectivities in the supporting database increase,
the integrated precipitating liquid amounts increase, but
in addition the variance of precipitation amounts as-
sociated with a given brightness temperature/radar re-
flectivity also increases. It was previously shown that
a greater variance of precipitation amounts for a given
brightness temperature/radar reflectivity in the sup-
porting database leads to greater random error in a pre-
cipitation estimate if that brightness temperature/radar
reflectivity is observed. The potential for bias of either
sign in the retrieved precipitation amount also in-
creases, because in the absence of specific information
from the brightness temperature/radar reflectivity ob-
servation, the retrieved precipitation amount from Eq.
(17) reverts to the mean of the precipitation distribu-
tion corresponding to that observation in the supporting
database. If the mean of the precipitation distribution
in the supporting database is lower (higher) than the
mean of the observed precipitation distribution, then a
negative (positive ) bias will result.

The bias trends seen in the multichannel synthetic
retrievals are analogous to the biases seen in the single-
channel retrievals of Figs. 4 and 5. Although the syn-
thetic data from time 210 of the TOGA COARE sim-
ulation have a distribution similar to that of the sup-
porting cloud/radiative model data (Fig. 4a), it is
evident from Fig. 4b that for a given 10.7-GHz bright-
ness temperature, the mean values of integrated precip-
itating liquid in the synthetic database (long-dashed
curve ) are greater than those of the supporting database
(solid curve) for precipitating liquid amounts greater
than 10 kg m™2. Since retrievals using Eq. (17) are
based solely on the supporting data, retrievals at these
high precipitating liquid amounts should be, on aver-
age, low biased if only the 10.7-GHz brightness tem-
perature data are utilized. Not surprisingly, low biases
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FIG. 10. Map of the ER-2 aircraft flight track on 5 October 1993 during the CAMEX experiment.
Arrows indicate the flight direction, and noted times are in UTC. The flight track is superimposed
on a map of the Florida peninsula, with a composite of echoes (shading) from the WSR-88D radar
at 1900 UTC. AMPR and EDOP data from enhanced flight segments over water (segment A) and
over land (segment B) are used in cloud/precipitation profile retrievals.

are also seen.in the AMPR-only synthetic retrievals of
precipitating liquid amounts greater than 10 kg m™
(Fig. 8a). A persistent and increasing negative bias in
the supporting data with respect to the synthetic data is
evident in the single-channel EDOP retrieval plot of
Fig. 5b (again, compare the long-dashed to the solid
curve in the figure). Again, the same bias trend is seen
in EDOP-only synthetic retrievals (Fig. 8a).

It should be emphasized that the biases of the re-
trieved precipitation estimates result from observations
that are nonspecific. If a set of brightness temperatures/
radar reflectivities always corresponded to a unique
precipitation amount, then no bias would result. The

only way to correct for these inherent biases within the
framework of the current retrieval method is to include
additional channels or other information that can be
used to better discriminate between the higher inte-
grated precipitating liquid/ice amounts.

¢. Retrievals from CAMEX

During September and October 1993, a miniexperi-
ment called the Convection and Atmospheric Moisture
Experiment (CAMEX) was conducted at the NASA
Wallops Flight Facility. During CAMEX the NASA
ER-2 aircraft was instrumented with microwave and
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visible—infrared sensors, including the AMPR and the
EDOP.

The flight track of the NASA ER-2 aircraft on 5 Oc-
tober 1993 is shown in Fig. 10, relative to a composite
of National Weather Service WSR-88D radar data from
Florida at 1900 UTC. Between 1833:30 and 1839:20
UTC, coincident nadir-looking AMPR and EDOP ob-
servations were collected with the ER-2 flying at an
altitude of 20 km above a convective system over the
Florida Straits (flight segment A). Later, between
1900:00 and 1911:40 UTC, AMPR and EDOP data
were collected during an ER-2 overflight of a line of
thunderstorms along the eastern coast of Florida (flight
segment B).

Due to a time offset in the AMPR and EDOP data
clocks, nadir observations from the two instruments are
spatially coregistered by examining lags between the
aircraft altitude and attitude parameters (logged with
the AMPR data), and the range of the EDOP surface
gate measured during banking maneuvers both before
and after the described flight segments. Also, the EDOP
observations from both flight segments are time-inte-
grated over consecutive 3-s intervals to synchronize
with the 3-s scan period of the AMPR. At a nominal
ER-2 airspeed of 200 m s !, the (3s) horizontal sample
spacing is 600 m.

The traces of AMPR brightness temperatures and
EDOP reflectivities recorded during flight segment A
are presented in Figs. 11a and 11b, respectively, as the
ER-2 traversed the convective system from the north-
east to the southwest, in a direction opposite to the low-
level wind shear. The 1200 UTC sounding on the same
day from Key West may be seen in Figs. 2a and 2b of
Heymsfield et al. (1996). Relative to the ambient wind
shear, the system exhibits a convective leading edge at
the 60-km mark, with reflectivities exceeding 45 dBZ
from the surface up to 4 km. Downshear (to the left)
of the leading edge appear to be decaying convective
cells near the 48-km mark, as well as light stratiform
“‘anvil’’ precipitation aloft with reflectivities between
20 and 30 dBZ. Also, there is an obvious downshear
tilt in the EDOP-observed convective cells.

The precipitation structures observed by the radar are
reflected in the brightness temperature traces of Fig.
11a. For example, at 10.7-GHz the brightness temper-
ature increases from the background ocean surface
value of 140 K to a maximum of 250 K associated with
liquid precipitation emission from the convective lead-
ing edge. The trailing convective cells produce smaller
but significant peaks in brightness temperature. Clear-
air/ocean background emission increases with channel
frequency, as seen in the 19.35- and 37.1-GHz data,
but greater emission from precipitating liquid is still
evident in rain regions, reaching saturation at roughly
270 K in the broad convective zone between 40 and 60
km. In contrast, water vapor and cloud emission satu-
rate the 85.5-GHz channel observations even outside
of the rain areas, but microwave scattering by precip-
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itation-sized ice particles can depress the observed
brightness temperatures significantly. Most prominent
are the brightness temperature depressions at 58 and 38
km, which are associated with peak radar reflectivities
greater than 30 dBZ at altitudes up to 8 km. Since the
freezing level is located at 4.7 km, it may be inferred
that the scattering depressions at 85.5 GHz and peak
radar reflectivities aloft are associated with precipita-
tion-sized ice.

The retrieval method is applied to the AMPR data,
and then to the combined AMPR and EDOP data, as-
suming observation and simulation error standard de-
viations of oo = o, = 20, for both the AMPR and
EDOP. To provide an initial consistency check, retriev-
als of the precipitation-equivalent 9.72-GHz radar re-
flectivity structures derived from the AMPR and
AMPR +EDOP data and Eq. (17) are presented in
Figs. 11c and 11d, respectively. The vertical cross sec-
tion of reflectivities retrieved using the AMPR data
alone exhibits many of the features of the observed
EDOP reflectivities; however, the maximum low-level
reflectivities and high-resolution vertical structure of
the EDOP observations are not reproduced. Retrieval
of the low-level maxima and high-resolution vertical
reflectivity structure are only possible using the AMPR
data in combination with the EDOP data in the retrieval
method, as seen in Fig. 11d. Plots of the root-mean-
square deviations between the retrieved and observed
radar reflectivity profiles are shown in Fig. 11le. Com-
pared to the AMPR-only retrievals, the profiles re-
trieved using the combined AMPR and EDOP obser-
vations are a better fit to the observed reflectivity pro-
files. The rms deviation of the AMPR+EDOP
retrieved reflectivities over the entire flight segment is
2.71 dBZ, which is comparable to the absolute error of
the EDOP reflectivity observations, estimated to be
within +3 dBZ by Caylor et al. (1994).

However, Figs. 11d and 11e indicate some discrep-
ancies between the retrieved and observed reflectivity
profiles that are significantly greater than those that
may be explained by errors in the observations or
model-computed reflectivities. These discrepancies are
apparent in the vicinity of the system’s convective lead-
ing edge, where the retrieved reflectivity contours lack
the detail seen in the observations, and the rms reflec-
tivity deviations of individual profiles sometimes ex-
ceed 4 dBZ. These discrepancies may be partly attrib-
uted to the loss of sensitivity in both the radiometer and
radar measurements for large precipitation water con-
tents, which contributes to greater ambiguity in the re-
trieved precipitation profiles associated with convec-
tive precipitating clouds. Also, although a large number
of convective cloud profiles are present in the support-
ing cloud/radiative model database, some less com-
monly observed profiles may not be adequately repre-
sented. Future efforts should focus on the creation of
an extended profile database drawn from precipitating
clouds simulated for a variety of realistic environments.
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spectively, from flight segment A. Also shown are retrievals
of equivalent radar reflectivity using only the AMPR data (c),
and retrievals using both AMPR and EDOP data (d). Root-
mean-square deviations between retrieved and observed radar
reflectivity profiles are plotted in (e).

Observations and reflectivity retrievals from flight
segment B are presented in Figs. 12a—d. In this seg-
ment the ER-2 traversed a line of thunderstorms along
the southeastern coast of Florida. Although both con-
vective and stratiform rain regions are evident in the
EDOP reflectivity observations (Fig. 12b), the precip-
itation signal in the AMPR brightness temperatures
(Fig. 12a) is relatively weak. There are two reasons for
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the lack of signal: first, since flight segment B is over
land, upwelling brightness temperatures from the
highly emissive land surface, which are about 270 K,
are indistinguishable from the emission from precipi-
tation in the emission-dominated 10.7-, 19.35-, and
37.1-GHz channels. Also, the scattering signal at 85.5
GHz associated with convective precipitation is sub-
dued, since the observed convection is too weak to pro-
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FiG. 12. Same as Fig. 11 but for retrievals of equivalent
radar reflectivity over land from flight segment B.

duce large amounts of precipitation-sized icé. Note that
in this case the 30-dBZ contours from cells at the 5-
and 87-km marks barely exceed 6 km in altitude. Al-
though present, the scattering depressions associated
with these cells do not fall below 215 K.

As a consequence of the relatively weak precipita-
tion signal in the AMPR observations, the AMPR-only
retrievals of precipitation structure shown in Fig. 12¢
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are largely erroneous. In situations where little signal
is present, the retrieval method simply yields the mean
of the many model profiles that are radiatively consis-
tent with the observations. As seen in Fig. 12d, the
EDOP data provide the precipitation signal that is lack-
ing in the passive radiometer data over land, and the
retrieved reflectivity cross section is quite similar to the
observed reflectivity structure. The rms deviations be-
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tween the retrieved and observed reflectivity profiles
are shown in Fig. 12e. The rms deviation of retrieved
reflectivities based upon the combined AMPR and
EDOP data is 2.32 dBZ over the entire flight segment,
and so in a mean sense, the retrieved profiles based
upon the combined data are radiatively consistent with
the observations.

Note, however, that the bright bands observed by the
EDQOP in the stratiform rain regions between 25 and 55
km, and between 120 and 140 km, are not reproduced
in the retrieval. The bright bands do not appear because
presently the cloud/radiative model used to generate
the retrieval method’s supporting database does not in-
clude an explicit representation of melting ice-phase
hydrometeors. These water-coated hydrometeors are
highly reflective at radar frequencies and produce a
horizontal bright band just below the freezing level in
the EDOP imagery. Implementation of the improved
ice microphysics scheme of Ferrier (1994) and the pa-
rameterization of a bright band in the Goddard cumulus
ensemble model will be the focus of study in the near
future.

It is evident from Figs. 11 and 12 that radiative con-
sistency between the EDOP reflectivity profiles and the
retrieved profiles from the supporting cloud/radiative
model database can generally be achieved if both the
AMPR and EDOP data are utilized in the retrieval
method. Associated with each profile are the profiles of
several cloud/precipitation species that are also defined
by the GCE model. Vertical cross sections of liquid
precipitation, ice-phase precipitation, and total nonpre-
cipitating cloud water (both liquid and ice-phase) from
the combined AMPR + EDOP retrievals are shown in
Figs. 13a—c (CAMEX A) and Figs. 13d-f (CAMEX
B), respectively.

Since the retrieved water content profiles of Fig. 13
are cloud model based, it is not surprising that these
profiles are generally consistent with our basic under-
standing of convective system structure. Embedded
convective cells, such as those near the 48- and 60-km
marks of segment A and at 5, 85, and 112 km of seg-
ment B are associated with relatively high liquid and
ice-phase precipitation water contents. Water contents
of precipitating liquid in the convective cells usually
exceed 1.0 g m™, and extend from the surface up to
the freezing level. These convective cells extend above
the freezing level at least 1 or 2 km, with water contents
greater than 1.0 g m™ in the form of precipitating ice.
Stratiform rain regions are characterized by horizon-
tally uniform distributions of liquid and ice precipita-
tion with lower water contents. Precipitation water con-
tents in the stratiform regions do not exceed 0.5 g m™>
in either flight segment. The retrieved precipitation dis-
tributions are compatible with limited radar climatol-
ogies of convective and stratiform precipitation in the
Tropics (e.g., Leary and Houze 1979a,b; Szoke et al.
1986; Szoke and Zipser 1986).
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Of particular interest are the retrieved distributions
of nonprecipitating liquid and ice-phase cloud water
shown in Figs. 12c and 12f. Typically, the signal from
nonprecipitating cloud in passive or active microwave
radiometer measurements is not distinguishable from
that of precipitation. However, since the retrieval
method described in this study is cloud model based,
profiles of nonprecipitating cloud may be retrieved due
to their correlation with the water contents and vertical
structures of precipitation, which have stronger radia-
tive signals in the remotely sensed data. Most of the
significant cloud water contents retrieved from the
CAMEX flight segment data are associated with re-
gions of convection, an association documented in both
cloud modeling studies ( Adler et al. 1991), and obser-
vational studies (e.g., Jorgensen, 1984).

4. Summary and conclusions

A large cloud/radiative model database is coupled
with a hydrometeor profile inversion method to per-
form retrievals of cloud and precipitation profiles from
both passive and combined passive—active microwave
radiometer systems. The method is tested using simu-
lated nadir-view observations from the aircraft-borne
passive AMPR and active EDOP sensors. Random er-
rors in instantaneous, 1-km resolution estimates of in-
tegrated precipitating liquid, integrated precipitating
ice, and surface rain rate over water or land surfaces
using the combined AMPR and EDOP data are 23%,
19%, and 53% of the mean values, respectively. Re-
trievals of the same quantities using only the passive
AMPR data yield random errors of 37%, 34%, and
53% over water surfaces, and 66%, 35%, and 88%
over land surfaces. The magnitudes of biases in the
AMPR +EDORP retrieved precipitation amounts over
water or land surfaces are 8%, 9%, and 9% for inte-
grated precipitating liquid, integrated precipitating
ice, and surface rain rate, respectively.

The bias in retrieved precipitation amounts is shown
to be linked to the difference in the mean precipitation
amounts of the retrieval method’s supporting cloud/
radiative model database relative to the observed pre-
cipitation amounts. However, the biases in AMPR-only
retrievals of integrated precipitating liquid and surface
rain rate over water surfaces (4% and 6%, respectively)
are substantially less than the biases in EDOP-only re-
trievals of the same quantities (10% and 13%). This
result suggests that AMPR-based estimates of liquid
precipitation amounts using the described retrieval
method may be less sensitive to systematic differences
in the supporting database than the EDOP-based esti-
mates. Preliminary testing by the authors indicates a
greater weighting of the AMPR channels can help to
further reduce the EDOP liquid precipitation retrieval
bias in combined AMPR+EDOP retrieval applica-
tions, but at the expense of greater random errors. More
study will be required to confirm these results.
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FiG. 13. Retrieved cloud and precipitation water content profiles from CAMEX. Retrievals of precipitating liquid water content, precipitating
ice water content, and total nonprecipitating cloud (liquid and ice) over water from CAMEX flight segment A are shown in panels (a), (b),
and (), respectively. The same quantities retrieved over land using data from CAMEX flight segment B are shown in panels (d)—-(f).

Application of the retrieval method to combined-
AMPR and EDOP observations of storms from-
CAMEX yields retrieved cloud and precipitation ver-
tical profiles that are consistent with basic descriptions

of tropical convective system structure. Most notably
absent from retrievals is the radar ‘bright band,”
which is observed just below the freezing level in strat-
iform precipitation regions; however, this problem
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should be overcome by including an explicit represen-
tation of melting, water-coated ice hydrometeors in the
cloud/radiative model. ‘

In the near future, the retrieval method will be ap-
plied to nearly coincident observations from the passive
AMPR and active ARMAR (Airborne Rain Mapping
Radar), which were collected during the TOGA
COARE field experiment (Durden et al. 1994). These
instruments serve as analogs to the future passive and
active microwave components of the TRMM satellite.
The TRMM will be fitted with the TRMM Microwave
Imager, a conically scanning passive sensor with dual-
polarization channels at 10.65, 19.35, 37.0, and 85.5
GHz, and a single-polarization channel at 21.3 GHz.
Both the ARMAR and the TRMM Precipitation Radar
are cross-frack scanning active microwave sensors op-
erating at 13.8 GHz. Since path attenuation per unit
length due to precipitation is roughly twice as great at
13.8 GHz as it is at 9.72 GHz, the unambiguous inter-
pretation of reflectivity measurements from the
ARMAR or Precipitation Radar will be more difficult
in situations where vertically integrated precipitation
water contents are high, and so the role of the passive
radiometer channels in removing these ambiguities will
be enhanced.

In a companion paper, Kummerow et al. (1996) in-
vestigate the impact of lower-resolution, satellite pas-
sive microwave measurements on the accuracy of pre-

cipitation retrievals using the method described here.

The retrieval method can still be applied to lower-res-
olution satellite microwave data by including the ef-
fects of sensor spatial resolution in the cloud/radiative
model simulations. This is accomplished by convolving
the high-resolution, model-generated brightness tem-
perature/radar reflectivity fields by the appropriate ra-
diometer antenna patterns/radar two-way gain func-
tions using Egs. (7) and (8). The horizontal inhomo-
geneity of precipitation within the spread of the antenna
patterns/gain functions is represented by the spatial
distributions of precipitation generated by the cloud
model. The simulation of TRMM Microwave Imager
and Precipitation Radar data, including the effects of
sensor resolution, is described in Olson and Kumme-
row (1996).

Synthetic retrievals based upon simulated TRMM
data will be the focus of a future study. In addition, the
retrieval of total heating profiles, which are also sim-
ulated by the cloud model, will be attempted using the
same retrieval method framework. Since the retrieval
method described herein is computationally efficient, it
is hoped that the method can be applied operationally
to TRMM microwave sensor measurements to provide
precipitation and latent heating profile information.
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